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We present a theoretical analysis and optimisation of the properties and performance of mid-
infrared semiconductor lasers based on the dilute bismide alloy InxGa1−xAs1−yBiy, grown on con-
ventional (001) InP substrates. The ability to independently vary the epitaxial strain and emission
wavelength in this quaternary alloy provides significant scope for band structure engineering. Our
calculations demonstrate that structures based on compressively strained InxGa1−xAs1−yBiy quan-
tum wells (QWs) can readily achieve emission wavelengths in the 3 – 5 µm range, and that these
QWs have large type-I band offsets. As such, these structures have the potential to overcome a
number of limitations commonly associated with this application-rich but technologically challeng-
ing wavelength range. By considering structures having (i) fixed QW thickness and variable strain,
and (ii) fixed strain and variable QW thickness, we quantify key trends in the properties and per-
formance as functions of the alloy composition, structural properties, and emission wavelength, and
on this basis identify routes towards the realisation of optimised devices for practical applications.
Our analysis suggests that simple laser structures – incorporating InxGa1−xAs1−yBiy QWs and un-
strained ternary In0.53Ga0.47As barriers – which are compatible with established epitaxial growth,
provide a route to realising InP-based mid-infrared diode lasers.
I. INTRODUCTION
The vibrational-rotational spectra of many environ-
mentally and industrially important gases are charac-
terised by strong absorption features at mid-infrared
wavelengths. As such, there is broad scope for sensing
applications of semiconductor lasers and light-emitting
diodes operating in the 2 – 5 µm wavelength range, in-
cluding: detection of environmental pollutants, chemi-
cal monitoring in industrial processes, remote analysis of
hazardous substances, and detection of biological mark-
ers in non-invasive medical diagnostics, in addition to
applications in free-space optical communications and
infrared countermeasures.1–3 However, the mid-infrared
spectral region is particularly challenging from the per-
spective of semiconductor laser design and fabrication.4
This has led to a proliferation of approaches aiming to
realise compact, efficient and inexpensive devices.5,6 In
the 2 – 3 µm wavelength range diode lasers based on
type-I InxGa1−xAs1−ySby/GaSb quantum wells (QWs)
have become well established.7–11 While such devices
have reasonable characteristics their performance de-
grades with increasing wavelength, with high threshold
currents and high temperature sensitivity associated with
non-radiative Auger recombination processes.10,12 Good
performance has been obtained in the 3 – 4 µm wave-
length range using inter-band cascade lasers (ICLs).13,14
However, ICLs are highly complicated structures requir-
ing sophisticated growth, and also suffer from losses re-
lated to Auger recombination. Finally, above 4 µm quan-
tum cascade lasers (QCLs) dominate.15 QCLs are com-
plicated structures, often requiring in excess of 100 layers
with very tight tolerances on the layer thicknesses.16 The
performance of such devices degrades towards shorter
wavelengths, owing to carrier leakage from the upper
electron levels which gives rise to a strongly temperature-
dependent threshold current. Consequently, in order to
achieve sufficient performance to facilitate practical ap-
plications, there remain significant challenges associated
with the development of efficient and low-cost devices
operating at wavelengths between 3 and 4 µm.
Given their design and fabrication simplicity com-
pared to cascade devices, there is strong motivation
to develop diode lasers operating in this wavelength
range. Currently there are two primary approaches to
achieve this aim, focused respectively on GaSb- and
InP-based structures. GaSb-based devices incorporating
type-I InxGa1−xAs1−ySby QWs have demonstrated im-
pressive characteristics at emission wavelengths between
2 and 3 µm.7,11 Recently, room temperature operation
of InxGa1−xAs1−ySby devices out to wavelengths of 3.4
and 3.7 µm under continuous-wave and pulsed-mode op-
eration, respectively, has been demonstrated.9,17 How-
ever, these devices suffer from strong temperature de-
pendence of the threshold current density – which is
exacerbated at longer wavelengths – resulting from a
combination of inter-valence band absorption (IVBA),
non-radiative Auger recombination, and thermal carrier
leakage.12,18,19 In parallel, significant effort has been ded-
icated to extending the wavelength range accessible using
InP-based devices.20 This has involved the development
of a variety of novel heterostructures, based on (i) type-
II structures incorporating InxGa1−x(N)As/GaAsySb1−y
QWs (where pulsed-mode operation has been demon-
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2strated out to 2.6 µm at 270 K),21,22 or (ii) combining
growth on AlxIn1−xAs or InAs1−xPx metamorphic buffer
layers with highly-strained InxGa1−xAs, InAs1−xSbx,
GaSb1−xBix or InAs1−xBix type-I QWs (where pulsed-
mode operation of a 2.9 µm device at 230 K has recently
been demonstrated).23–29 Despite these ongoing innova-
tions in heterostructure design and fabrication, pushing
the emission wavelength of InP-based diode lasers beyond
3 µm remains a significant challenge.
From a practical perspective is it desirable to develop
InP- rather than GaSb-based devices, for several rea-
sons. Firstly, InP substrates are significantly cheaper
than their GaSb counterparts and, as a mainstay of the
photonics industry, benefit from advanced fabrication
and processing techniques. Secondly, the higher thermal
conductivity of InP enhances heat dissipation, thereby
allowing for more effective thermal management during
operation. Thirdly, the InP platform is more technolog-
ically advanced, presenting the opportunity to take ad-
vantage of the capabilities offered by InP-based passive
optical components and photonic integrated circuitry.
Here, we propose that InP-based mid-infrared diode
lasers can be achieved using type-I QWs based on the
dilute bismide alloy InxGa1−xAs1−yBiy (containing bis-
muth, Bi).30–32 We perform a theoretical analysis that
identifies several properties of these structures which
have the potential to overcome key limitations associ-
ated with existing GaSb-based devices operating in the
3 – 4 µm range, while simultaneously enabling emis-
sion beyond 3 µm from an InP-based diode structure.
The prototypical laser structures we consider – which
are chosen to be fully compatible with established InP-
based growth and fabrication, as well as the epitaxial
growth of InxGa1−xAs1−yBiy alloys – can be grown pseu-
domorphically on InP substrates, removing the require-
ment to employ metamorphic buffer layers to facilitate
the growth of lattice-mismatched heterostructures. We
present an analysis of the InxGa1−xAs1−yBiy bulk band
structure, highlighting the flexibility with which it can be
engineered to achieve favourable characteristics for laser
applications. In particular, we show that it is possible
to engineer a band structure in which the valence band
(VB) spin-orbit splitting energy ∆SO exceeds the band
gap Eg – as has been demonstrated for bulk alloys –
and that this can be achieved at significantly lower Bi
compositions than in ternary GaAs1−yBiy alloys.30,33,34
This band structure condition is particularly favourable
for light-emitting devices, since it is expected to reduce
losses related to IVBA and non-radiative (CHSH) Auger
recombination processes involving the spin-split-off (SO)
VB, and is hence expected to contribute to increased de-
vice efficiency and thermal stability.35–39
We undertake a systematic investigation of the proper-
ties of prototypical InxGa1−xAs1−yBiy QW laser struc-
tures designed to emit between 3 and 5 µm. By consider-
ing structures having (i) fixed QW thickness and variable
strain, and (ii) fixed strain and variable QW thickness,
we quantify key trends in the expected laser performance
as functions of the alloy composition, structural prop-
erties, and emission wavelength. Our results highlight
the importance of epitaxial strain as the primary fac-
tor influencing performance, placing strong constraints
on the ranges of In and Bi compositions of interest for the
growth of QWs for practical devices. These QWs have
several attractive properties, including large type-I band
offsets – to provide strong carrier confinement and sup-
pressed thermal carrier leakage – as well as high material
gain, low threshold carrier densities and high differential
gain. Overall, we identify and quantify pathways towards
the design and realisation of optimised devices, and high-
light that pseudomorphic InxGa1−xAs1−yBiy QW struc-
tures grown on conventional (001) InP substrates are par-
ticularly promising for the development of diode lasers
operating in the 3 – 4 µm wavelength range.
The remainder of this paper is organised as follows. In
Sec. II A we outline the theoretical model we have de-
veloped to calculate the electronic and optical properties
of InxGa1−xAs1−yBiy QWs, and in Sec. II B provide a
description of the laser structures on which our analysis
focuses. Our results are presented in Sec. III, beginning
in Sec. III A with a description of the potential for band
structure engineering in quaternary InxGa1−xAs1−yBiy
alloys. In Sec. III B we undertake an analysis and optimi-
sation of single QW laser structures designed to emit at
3.5 µm, before considering in Sec. III C the dependence of
the laser characteristics on the emission wavelength and
number of QWs throughout the 3 – 5 µm range. Finally,
in Sec. IV, we summarise and conclude.
II. THEORETICAL MODEL
Our theoretical model is closely based upon that we
have developed previously to analyse the electronic and
optical properties of GaAs1−xBix/(Al)GaAs QWs.40 Our
previous work has demonstrated that this model is capa-
ble of quantitatively predicting the measured gain char-
acteristics of real GaAs1−xBix-based QW lasers.41 This
analysis has underscored the importance of accurately
accounting for the Bi-induced modifications to the band
structure in calculations of the electronic and optical
properties. Here, we outline the extension of this model
to treat quaternary InxGa1−xAs1−yBiy QWs. A com-
prehensive description of the details of our theoretical
approach can be found in our recently published review
of the theory and simulation of dilute bismide alloys,
Ref. 39.
A. QW electronic and optical properties
When substituted in place of As in InxGa1−xAs Bi
acts as an isovalent impurity, giving rise to a set of de-
generate Bi-derived localised impurity states which are
resonant with the VB states of the InxGa1−xAs host ma-
trix semiconductor.42,43 These Bi-related localised states
3couple to the extended InxGa1−xAs host matrix VB
edge states via a Bi composition-dependent valence band-
anticrossing (VBAC) interaction.43,44 As a result of this
interaction, the InxGa1−xAs1−yBiy alloy VB edge states
are then formed of an admixture of the Bi-related lo-
calised and extended host matrix VB edge states. We
have previously demonstrated that this unusual mate-
rial behaviour can be described quantitatively using an
extended basis 12-band k·p Hamiltonian, in which the
conventional 8-band basis set – consisting of the zone-
centre Bloch functions associated with the lowest energy
conduction band (CB), as well as the light-hole (LH),
heavy-hole (HH), and spin-split-off (SO) VBs45 – is aug-
mented by the inclusion of a set of four degenerate Bi-
related localised states, which can be chosen to have LH-
and HH-like symmetry.33,46
Via detailed theoretical analysis of the electronic struc-
ture of (In,Ga)As1−yBiy alloys we have found that the
impact of Bi incorporation on the band structure can be
described via the 12-band Hamiltonian using seven inde-
pendent Bi-related parameters: (i) ∆EBi, the energy of
the Bi-related localised states relative to the unperturbed
host matrix VB edge, (ii) β, which determines the magni-
tude β
√
y of the Bi composition dependent VBAC matrix
elements coupling the Bi-related localised and extended
host matrix LH- and HH-like VB edge states, (iii) – (v)
α, κ and γ, which respectively describe virtual crystal
(conventional alloy) shifts to the CB, HH/LH, and SO
band edge energies, as well as (vi) – (vii) aBi and bBi, the
hydrostatic and axial deformation potentials associated
with the Bi-related localised states.46,47 Using atomistic
supercell electronic structure calculations we have explic-
itly computed the values of each of these parameters in
GaAs1−yBiy and InAs1−yBiy.46 This provides a predic-
tive model of the band structure evolution with Bi com-
position y while circumventing the usual need to rely on
post hoc fits to alloy experimental data (which generally
allow fitting only to β in the case of an estimated ∆EBi,
thereby introducing ambiguity into the parameter set).
To apply the 12-band Hamiltonian to quater-
nary InxGa1−xAs1−yBiy alloys we interpolate lin-
early between the Bi-related parameters computed for
(In,Ga)As1−yBiy. For the remaining parameters of the
model, which are related to the conventional 8-band
terms describing the InxGa1−xAs host matrix semicon-
ductor, we use the values recommended by Vurgaftman
and Meyer.48 Details of this interpolation procedure, as
well the full details of the parameters used in our cal-
culations, can be found in Ref. 34. Our calculation
of the band offsets in strained QW structures follows
from an analytical diagonalisation of the bulk zone-centre
12-band Hamiltonian, details of which are provided in
Ref. 47.
The electronic structure of InxGa1−xAs1−yBiy QWs
is calculated using the 12-band k·p Hamiltonian in the
envelope function and axial approximations.49 Our nu-
merical implementation is based on a reciprocal space
plane wave expansion method, which provides a numer-
ically robust and efficient approach to analyse the elec-
tronic and optical properties.50,51 Following the calcula-
tion of the QW band structure, our calculation of the
optical gain proceeds at fixed temperature and injected
carrier density by (i) directly utilising the calculated QW
eigenstates to evaluate the transition matrix elements
for inter-band optical transitions,52 thereby explicitly ac-
counting for the Bi-induced modifications to the elec-
tronic properties, (ii) using the optical transition matrix
elements obtained in this manner to compute the spon-
taneous emission (SE) spectrum under the assumption
of quasi-thermal carrier equilibrium, and (iii) transform-
ing the SE spectrum to obtain the corresponding mate-
rial gain spectrum.40,41,53 Since we are concerned here
solely with unstrained or compressively strained QWs
which provide appreciable optical gain only for transverse
electric- (TE-) polarised photons, we restict the SE calcu-
lation in (ii) to TE-polarised optical transitions in order
to obtain the TE-polarised material gain following (iii).
Based on our previous analysis of GaAs1−xBix/(Al)GaAs
QW lasers,41 as well as the available spectroscopic data
for InxGa1−xAs1−yBiy alloys,34,54–57 we describe the Bi-
induced inhomogenous spectral broadening of the opti-
cal spectra in our calculations using a hyperbolic secant
lineshape of width 25 meV.40,41 All calculations are per-
formed at T = 300 K.
B. Laser modelling
We focus our analysis on separate confinement het-
erostructure (SCH) devices, having InxGa1−xAs1−yBiy
QWs surrounded by unstrained In0.53Ga0.47As barriers
and InP cladding layers. This generic laser structure is
illustrated schematically in Fig. 1(a). To identify opti-
mised laser structures we analyse the threshold charac-
teristics, seeking structures which simultaneously min-
imise the threshold carrier density nth – which can be
expected to minimise the threshold current density – and
maximise the differential gain at threshold dgdn . For the
calculation of the threshold gain gth we assume a total
cavity length of 1 mm and internal (cavity) losses of 5
cm−1, chosen respectively to facilitate comparison to ex-
isting results on GaAs-based dilute bismide devices,41,58
and to reflect the low optical losses that should be achiev-
able in a high quality InP-based laser structure. For each
structure considered we optimise the optical confinement
factor Γ of the fundamental TE-polarised optical mode
– calculated using an effective index approach59,60 – by
varying the thickness of the barrier layers. Given the
relatively low values of Γ in mid-infrared SCH devices,
we emphasise that choosing the barrier thickness in this
manner is an important consideration for the design of
these structures.
The choice of barrier and cladding layers consid-
ered here is motivated by the established epitaxial
growth of InxGa1−xAs1−yBiy alloys: our intention is
to identify structures to facilitate initial demonstration
4of an electrically pumped mid-infrared dilute bismide
laser, with minimal disruption to established growth
and fabrication processes. For example, it is possi-
ble to grow strain-compensated or strain-balanced struc-
tures incorporating tensile strained ternary or quater-
nary (Al)InxGa1−xAs(P) barriers. However, given (i)
the large type-I band offsets achievable using unstrained
In0.53Ga0.47As barriers, as well as (ii) that the opti-
mised InxGa1−xAs1−yBiy QWs identified above lie safely
within estimated strain-thickness limits, our analysis sug-
gests limited benefit to pursuing such structures. In prac-
tice, inclusion of quaternary barrier layers complicates
heterostructure growth – e.g. by requiring precise con-
trol of flux ratios for group-III and -V elements – and
could degrade material quality, while offering little tangi-
ble benefit in terms of carrier confinement and likely con-
tributing to a degradation in optical confinement. Simi-
larly, while employing more conventional lattice-matched
AlyInxGa1−x−yAs cladding layers may lead to improved
threshold characteristics via enhancement of Γ, we note
that this will have no impact on the calculated trends in
the QW electronic and optical properties described here
(aside from any reduction in gth, and associated decrease
(increase) in nth (
dg
dn ), brought about by any increase in
Γ). Overall, we note that the conclusions reached on the
basis of our optimisation of the active region of these sim-
ple structures are expected to hold in general for struc-
tures containing InxGa1−xAs1−yBiy QWs.
III. RESULTS
In this section we present the results of our theoretical
investigation. We begin in Sec. III A by firstly verifying
the validity of our model for the InxGa1−xAs1−yBiy bulk
band structure, and then apply this model to quantify
the potential to engineer the band structure for applica-
tions in mid-infrared semiconductor lasers. In Sec. III B
we turn our attention to single QW laser structures de-
signed to emit at 3.5 µm, eludicate general trends in the
predicted properties of these devices, and identify struc-
tures which should deliver optimal performance. Then,
in Sec. III C we discuss the dependence of the expected
performance on the number of QWs and the emission
wavelength, for structures designed to emit between 3
and 5 µm.
A. InxGa1−xAs1−yBiy/InP bulk band structure
To demonstrate the validity of our parametrisa-
tion of the 12-band k·p Hamiltonian for quaternary
InxGa1−xAs1−yBiy alloys we have calculated the evolu-
tion of Eg and ∆SO with Bi composition y. Figure 1(b)
compares the results of these calculations to a range of
experimental measurments – undertaken at room tem-
perature using photoluminescence, photo-modulated re-
flectance and absorption spectroscopy – for two dis-
tinct sets of InxGa1−xAs1−yBiy bulk-like epitaxial lay-
ers grown pseudmorphically on InP. Full details of the
growth and characterisation of these samples, as well as
details of the experimental measurements, can be found
in Refs. 34, 54 and 56.
The first set of samples are compressively strained
In0.53Ga0.47As1−yBiy epitaxial layers; the measured and
calculated values of Eg are shown respectively using
closed red circles and solid red lines, while the measured
and calculated values of ∆SO are shown respectively using
closed blue squares and solid blue lines.34,55 We find that
the predicted decrease (increase) and strong composition-
dependent bowing of Eg (∆SO) with y predicted by the
12-band model is in good quantitative agreement with
experiment. For this set of samples we calculate that
Eg decreases by 74 meV, and ∆SO increases by 58 meV,
when 1% of the As atoms in In0.53Ga0.47As are replaced
by Bi. On this basis, our calculations predict that a bulk
band structure in which ∆SO > Eg can be achieved in
compressively strained InxGa1−xAs1−yBiy/InP pseudo-
morphic layers for Bi compositions as low as 3.5%.30,33
The second set of samples are InxGa1−xAs1−yBiy epi-
taxial layers having fixed in-plane strain xx with respect
to the InP substrate upon which they were grown.56
The measured and calculated values of Eg for this set
of samples are shown respectively using open red circles
and dashed red lines, while the corresponding values of
∆SO are shown respectively using open blue squares and
dashed blue lines. Nominally these samples are lattice-
matched to InP, having xx = 0. However, examina-
tion of the experimental data for the Bi-free (y = 0)
sample shows that the measured value of Eg is higher
than that which one would expect for lattice-matched
In0.53Ga0.47As, suggesting the presence of a slightly lower
In composition. To analyse these samples we there-
fore begin by determining the In composition required
to produce the measured room temperature band gap at
y = 0, and obtain an In composition x = 43%. This
In composition, which is 10% lower than the 53% re-
quired for lattice-matching to InP, corresponds to an
in-plane tensile strain xx = 0.7%. This is consistent
with high resolution x-ray diffraction measurements car-
ried out on these samples, which indicate the presence of
small tensile strains rather than exact lattice matching.56
Given that this set of samples has fixed strain with re-
spect to the InP substrate, we then calculate the vari-
ation of Eg and ∆SO with y by simultaneously reduc-
ing x so that xx = 0.7% is maintained fixed. Again
we find good quantitative agreement with the experi-
mental data, with the calculated reduction in Eg per
% Bi replacing As slightly reduced compared to that in
In0.53Ga0.47As1−yBiy (a consequence of the reduction in
x required to maintain xx fixed with increasing y).
39
We note that the measured data for the set of sam-
ples having fixed strain indicate that slightly higher Bi
compositions y ≈ 4.5% are required to bring about
∆SO > Eg.
34,39 The available experimental data for the
InxGa1−xAs1−yBiy sample having y = 5.8% – the high-
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FIG. 1. (a) Schematic illustration of the InP-based laser structures considered in this work: the structures consist of compres-
sively strained InxGa1−xAs1−yBiy QWs surrounded by unstrained In0.53Ga0.47As barriers, with optical confinement provided
by a SCH formed using InP cladding layers. (b) Measured variation of the band gap (Eg; closed and open red circles) and VB
spin-orbit splitting energy (∆SO; closed and open blue squares) at T = 300 K, compared to that calculated using the 12-band k·p
model (solid and dashed red and blue lines, respectively) for pseudomorphically strained InxGa1−xAs1−yBiy bulk-like epitaxial
layers grown on (001) InP. Results are shown for two sets of samples: the first are compressively strained In0.53Ga0.47As1−yBiy
layers (closed circles/squares and solid lines), the second are InxGa1−xAs1−yBiy layers having fixed in-plane strain xx (open
circles/squares and dashed lines). (c) Composition space map illustrating the ranges of xx and Eg (equivalently, emission
wavelength λ) accessible using pseudomorphically strained InxGa1−xAs1−yBiy bulk-like epitaxial layers grown on (001) InP.
Dashed blue and solid red lines respectively denote paths in the composition space along which xx and λ are constant. The
dotted green line denotes alloy compositions for which Eg = ∆SO; alloys lying above this line have ∆SO > Eg.
est Bi composition for which experimental data are cur-
rently available – clearly demonstrate that a band struc-
ture having ∆SO > Eg can be readily achieved in this ma-
terial system.34 Further, temperature-dependent spectro-
scopic measurements on this sample have confirmed that
∆SO > Eg is maintained at all temperatures. Overall, we
conclude that our parametrisation of the 12-band model
for quaternary InxGa1−xAs1−yBiy alloys is in good agree-
ment with the available experimental data and, as such,
should provide a reliable basis for investigation of the
properties and performance of InxGa1−xAs1−yBiy laser
structures.
Having demonstrated the validity of our theoretical
model of the band structure, we turn our attention now
to the potential to engineer the InxGa1−xAs1−yBiy band
structure for applications in mid-infrared light-emitting
devices. The composition space map in Fig. 1(c) de-
picts the ranges of in-plane strain xx and room tem-
perature band gap Eg (emission wavelength λ) acces-
sible using InxGa1−xAs1−yBiy bulk-like epitaxial layers
grown pseudmorphically on InP.32,39 Dashed blue and
solid red lines in Fig. 1(c) respectively denote paths in
the compostion space along which xx and λ are con-
stant. The dotted green line denotes alloy compositions
for which ∆SO = Eg, with alloys lying above this line
having ∆SO > Eg. These calculations suggest that a
broad range of emission wavelengths can be accessed us-
ing InxGa1−xAs1−yBiy alloys, ranging from ≈ 1.55 to
> 3 µm in tensile strained (xx > 0) layers, and from ≈ 2
to & 8 µm in compressively strained (xx < 0) layers.
The wavelength range accessible using tensile strained
InxGa1−xAs1−yBiy QWs is significantly curtailed com-
pared to that accessible using compressively strained
QWs. For example, for a fixed tensile strain xx = 1.5%
we find, when quantum confinement effects are taken into
account, that it is not possible to achieve λ & 3 µm.
Using Voisin’s expression for the critical thickness tc
of a pseudmorphically strained layer,61,62 we calculate a
strain-thickness limit tc|xx| ≈ 22.3 nm % for a com-
pressively strained InxGa1−xAs epitaxial layer grown on
(001)-oriented InP. Incorporation of Bi slightly softens
the material by reducing the elastic constants C11 and
C12, leading to a slight increase in tc for an (001)-oriented
InxGa1−xAs1−yBiy epitaxial layer. However, since we are
concerned here with dilute Bi compositions y . 10%, the
associated increase in the strain-thickness limit is min-
imal. As such, we expect that the calculated strain-
thickness limit for compressively strained InxGa1−xAs
should serve as a reliable estimate for the compressively
strained InxGa1−xAs1−yBiy QWs considered here. On
this basis, we estimate that 10 nm thick InxGa1−xAs
layers can be grown on InP up to a compressive strain
|xx| ≈ 2.2% before the onset of plastic relaxation.
The ability to independently vary xx and λ in quater-
nary InxGa1−xAs1−yBiy alloys presents significant scope
to engineer the band structure, in order to obtain prop-
erties suitable for the development of high performance
laser devices. In particular, our analysis suggests that
(i) emission between 3 and 5 µm can be acheived for In
(Bi) compositions ranging from approximately x = 55 –
70% (y = 4 – 8%), (ii) that this corresponds to compres-
sive strains ranging from xx = 0 – 2% in alloys having
6∆SO > Eg, which can be expected to have significant
positive impact on the laser performance,35–37 (iii) that
QWs based on these alloys have large type-I band offsets
(cf. Sec. III B), which can be expected to minimise losses
associated with thermal carrier leakage at high temper-
atures, and (iv) that suitable QWs for such applications
can be grown within estimated strain-thickness limits.
We note that for λ ranging from approximately 2 –
3 µm, compressively strained InxGa1−xAs1−yBiy alloys
have ∆SO ≈ Eg. Such a band structure can be expected
to significantly limit device performance due to IVBA
and CHSH Auger recombination processes involving the
SO VB being close to resonant. Similarly, we expect the
performance of tensile strained InxGa1−xAs1−yBiy de-
vices having λ . 2 µm to be strongly limited by IVBA
and CHSH Auger recombination, due to their possess-
ing a band structure in which ∆SO . Eg with Eg and
∆SO being relatively close in magnitude. Overall, our
calculations then suggest that InxGa1−xAs1−yBiy alloys
are best suited for mid-infrared applications at λ & 3
µm, with the wavelength range accessible above 3 µm
likely to be limited by a combination of material growth
(i.e. what combinations of x and y can be achieved in
materials having sufficiently high quality to facilitate
electrically-pumped lasing), and hot-electron producing
CHCC Auger recombination (the rate of which increases
strongly with increasing λ,63 and which we expect to be
the dominant loss mechanism in these devices).
Finally, we emphasise that the Bi compositions at
which ∆SO > Eg can be achieved are significantly
lower in InxGa1−xAs1−yBiy than the ≈ 10% Bi required
to achieve the same crossover in GaAs1−yBiy/GaAs
alloys.40,43,46 As such, our analysis indicates that it
should be feasible to achieve ∆SO > Eg in mid-
infrared InxGa1−xAs1−yBiy laser structures. Indeed,
all structures considered in our analysis in Secs. III B
and III C satisfy this condition. While a band struc-
ture having ∆SO > Eg is readily achievable in GaSb-
based devices emitting beyond 2 µm,12,35,36 utilising
InxGa1−xAs1−yBiy QWs enables this to be achieved in
InP-based devices. Our analysis therefore suggests that it
should be possible to mitigate losses related to IVBA and
CHSH Auger recombination, and that this can in princi-
ple be achieved more readily than in GaAs-based dilute
bismide laser structures due to the significantly reduced
Bi compositions required. As such, InxGa1−xAs1−yBiy
structures should provide a useful basis upon which
to demonstrate the reduction of such losses in dilute
bismide-based heterostructures. Given the potential to
exploit this band structure condition to realise semicon-
ductor lasers having high efficiency and temperature sta-
bility, this has the potential to act as an important proof
of principle for GaAs-based near-infrared devices, where
efforts are ongoing to achieve emission out to λ = 1.55
µm (y ≈ 13%) in structures having ∆SO > Eg in the
active (QW) region.
B. Analysis and optimisation of single quantum
well laser structures at λ = 3.5 µm
The use of a quaternary alloy to form the QW layer(s)
of the laser structure depicted in Fig. 1(a) provides sig-
nificant freedom to engineer the band structure, allow-
ing xx and λ to be varied independently. For a desired
λ, this then allows for the growth of an extremely large
number of structures having distinct combinations of al-
loy composition x and y, in-plane strain xx, and QW
thickness t. However, the performance of a given laser
structure is in general largely determined by the interplay
of a small number of complementary and competing fac-
tors: (i) the density of states (DOS) close to the VB edge,
(ii) the inter-band optical transition strengths, and (iii)
the optical confinement factor Γ.64,65 In practice, each of
these factors is determined in large part by a combination
of distinct QW properties, allowing for general trends to
be readily quantified. Firstly, the DOS close to the VB
edge is largely determined by xx and t, since compressive
(tensile) strain acts to decrease (increase) the in-plane
hole effective masses, and the larger confinement energy
in narrower QWs acts to increase the separation in en-
ergy between subbands. Secondly, the inter-band optical
transition strengths are primarily governed by a combina-
tion of the band offsets and t, which determine the nature
of the carrier localisation and hence the spatial overlap
between bound electron and hole states. Thirdly, Γ is
determined by a combination of t, the refractive index
constrast between the barrier and cladding layers, and
the thickness of the barrier and cladding layers.
In order to analyse the properties of
InxGa1−xAs1−yBiy QWs for a given emission wavelength
λ, we focus our attention on two distinct sets of struc-
tures. Firstly, we consider QWs having fixed thickness
and variable compressive strain: we choose t = 7 nm
and vary xx from 0 to −2% by adjusting x and y in the
QW to maintain fixed λ. Secondly, we consider QWs
having fixed compressive strain and variable thickness:
we choose xx = −1.5% and vary t from 3 to 10 nm,
again adjusting x and y to maintain fixed λ. In addition
to quantifying key trends in the expected performance,
this approach enables us to identify specific laser struc-
tures offering optimal performance – i.e. QWs which
simultaneously minimise nth and maximise
dg
dn .
66 We
have performed this systematic analysis for structures
designed to emit between 3 and 5 µm, and find that the
same general qualitative trends determine the calculated
properties throughout this wavelength range. As such,
we present here a full description of the results of these
calculations only for structures having λ = 3.5 µm. We
then describe the calculated dependence of the laser
performance on λ, as well as the number of QWs in
multi-QW structures, in Sec. III C.
We begin our optimisation by varying the thickness of
the In0.53Ga0.47As barrier layers in order to maximise Γ.
For the laser structure depicted in Fig. 1(a), we calculate
that this is achieved at λ = 3.5 µm for structures having
7450 nm thick barriers both below and above the QW,
resulting in Γ = 0.53% for a single QW structure having
t = 7 nm. As such, we maintain this fixed barrier thick-
ness for our calculation of Γ and the threshold material
gain gth for all structures desiged to emit at 3.5 µm.
Fixed thickness, variable strain
The results of our calculations for λ = 3.5 µm laser
structures having fixed t and variable xx are summarised
in Figs. 2 and 3. Figure 2(a) shows the required varia-
tion in x (closed red circles) and y (closed blue squares)
required to achieve λ = 3.5 µm – corresponding to an
e1-hh1 transition energy 0.354 eV – as xx is varied from
0 to −2% in a QW of fixed thickness t = 7 nm. For
the unstrained structure we calculate that respective In
and Bi compositions x = 33.9% and y = 11.9% are re-
quired to maintain λ = 3.5 µm. As the magnitude |xx|
of the compressive strain increases from 0 to 2%, the In
(Bi) composition required to maintain λ = 3.5 µm in-
creases (decreases) approximately linearly, to x = 74.4%
(y = 5.3%). As a result of the fixed thickness of this
set of QWs, there is little variation in the total confine-
ment energy of the lowest energy bound electron state
e1 and highest energy hole state hh1 (which is HH-like
at k‖ = 0 in all QWs investigated). We calculate that
this confinement energy remains approximately constant
at 83 meV between |xx| = 0 and 2%, so that this set of
structures requires InxGa1−xAs1−yBiy QW layers hav-
ing a fixed bulk room temperature band gap of approx-
imately 0.271 eV (4.58 µm). Recalling Fig. 1(c), these
QWs then have alloy compositions lying on a contour
running approximately parallel to the 4.0 µm contour
(solid red line), but at slightly higher x and y.
The calculated variation of the type-I CB, HH and LH
band offsets ∆ECB, ∆EHH and ∆ELH with |xx| – between
the bulk band edge energies of the InxGa1−xAs1−yBiy
QW and In0.53Ga0.47As barrier layers – for these QWs
are shown in Fig. 2(b) using, respectively, closed green
circles, blue squares and red triangles. In the un-
strained QW the HH and LH bulk VB edge states of
the In0.339Ga0.661As0.881Bi0.119 QW layer are degenerate
and, since these QWs have unstrained barriers, the HH
and LH band offsets are equal. We calculate ∆EHH =
∆ELH = 325 meV in the unstrained QW.
As |xx| is increased from 0 to 2% we calculate (i)
that the degeneracy of the HH and LH bulk VB edge
states in the InxGa1−xAs1−yBiy QW layer is lifted in
the usual manner, by the axial component of the pseu-
domorphic strain, and (ii) that both ∆EHH and ∆ELH
decrease in magnitude. The calculated, roughly lin-
ear, decrease in both ∆EHH and ∆ELH with increas-
ing |xx| is primarily associated with the decrease in y,
with the axial component of the strain acting to respec-
tively mitigate and enhance this reduction for ∆EHH
and ∆ELH. For the In0.744Ga0.256As0.947Bi0.053 QW
having xx = −2% strain we calculate ∆EHH = 284
meV and ∆ELH = 154 meV. For the CB offset ∆ECB,
we calculate a value of 145 meV in the unstrained
In0.339Ga0.661As0.881Bi0.119 QW, which increases to 188
meV in the In0.744Ga0.256As0.947Bi0.053 QW having xx =
−2%. We find that the calculated increase in ∆ECB is as-
sociated with the increase in x, with the downward shift
of the bulk CB edge energy in the QW layer sufficient
to overcome the upward shifts due to (i) the hydrostatic
component of the compressive strain, and (ii) the reduc-
tion in y.
To quantify the impact of the band offsets on the ex-
pected laser performance we have calculated (i) the frac-
tion of the total electron and hole charge density confined
within the QW at threshold (i.e. at an injected carrier
density nth),
50 (ii) the ionisation energies for the escape
of bound electron and hole states from the QW, and (iii)
the inter-band optical matrix elements for transitions be-
tween the bound e1 and hh1 electron and hole states at
the centre of the QW Brillouin zone (k‖ = 0). We de-
scribe transition strengths associated with the latter in
units of energy, with the relevant scale being the Kane
parameter EP .
39,40,52
At threshold, we calculate that 38.9% (98.1%) and
66.9% (97.6%) of the total electon (hole) charge density
resides within the QW for xx = 0 and −2%, respec-
tively, with these QWs having nth = 8.1 and 2.6 × 1012
cm−2 (cf. Fig. 3(c)). These results suggest excellent
confinement and negligible thermal spill-out of holes at
room temperature, but that significant thermal spill-out
of electrons can be expected in unstrained QWs. These
trends are confirmed by considering the variation with
|xx| of the ionisation energy of an e1 electron, calcu-
lated as the difference in energy between the bound e1
state at k‖ = 0 and the bulk CB edge in the surrounding
In0.53Ga0.47As barrier layers. At xx = 0 we calculate
an ionisation energy of 75 meV, which increases approx-
imately linearly to 115 meV as |xx| increases to 2%, in
line with the calculated increase in ∆ECB. For this series
of QWs the ionisation energy for a zone-centre e1 elec-
tron is then at least three times larger than the thermal
energy kBT = 26 meV at room temperature, indicating
that the calculated spill-out of the electron charge density
at threshold in the unstrained QW is associated with the
occupation of (i) a significant number of states in the e1
subbands away from k‖ = 0, and (ii) occupation of higher
energy conduction subbands, both of which are brought
about by the high value of nth for this structure. The
corresponding hh1 hole ionisation energy decreases with
increasing |xx|, in line with the calculated reduction in
∆EHH, but remains in excess of 270 meV at |xx| = 2%.
The calculated improvement in electron confinement in
going from 0 to 2% compressive strain indicates that it is
particularly desirable to grow strained QWs to mitigate
thermal leakage of electrons, which may otherwise limit
performance at and above room temperature.
Considering now the optical matrix elements between
the e1 and hh1 states, we calculate respective transition
strengths of 12.42 and 13.39 eV at xx = 0 and −2%. Our
820
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FIG. 2. Summary of calculated electronic properties for InxGa1−xAs1−yBiy QWs having fixed thickness t = 7 nm, variable
compressive in-plane strain xx, and emission wavelength λ = 3.5 µm at T = 300 K. (a) InxGa1−xAs1−yBiy QW alloy In and Bi
compositions x and y required to maintain λ = 3.5 µm as a function of the magnitude |xx| of the compressive strain. (b) Type-I
CB (closed green circles), HH (closed blue circles) and LH (closed red triangles) band offsets, between the InxGa1−xAs1−yBiy
QW and In0.53Ga0.47As barrier layers, as a function of |xx|. (c) VB structure (left panel) and DOS (right panel) for the QWs
having xx = 0 (unstrained; dashed red lines) and xx = −2% (compressively strained; solid blue lines).
analysis indicates that this ≈ 8% increase in going from
xx = 0 to −2% is primarily associated with the improved
confinement of the e1 envelope function, brought about
by the calculated 43 meV increase in ∆ECB. These val-
ues of the optical transition strengths are approximately
two-thirds of those we have calculated for metamorphic
InAs1−xSbx/Al0.125In0.875As QWs having λ ≈ 3.5 µm.67
We recall that the reduced optical transition strengths in
Bi-containing heterostructures are brought about by the
QW VB states consisting of a VBAC-induced admixture
of InxGa1−xAs-derived extended and Bi-related localised
states, the latter of which do not couple optically to the
InxGa1−xAs-derived CB states.39,40
Further analysis highlights that the calculated thermal
spill-out of the electron charge density in the unstrained
QW arises due to the high value of nth for this struc-
ture. This high level of injection brings about partial
occupation of higher energy electron subbands, whose en-
velope functions are significantly more delocalised than
those associated with e1. This is mitigated as nth de-
creases strongly with increasing |xx|, with a large ma-
jority (> 75% at |xx| = 2.0%) of injected electrons oc-
cupying the e1 subbands at threshold. Our calculated
values of ∆ECB and ∆EHH are in excess of 140 meV in all
structures considered – i.e. at least five times larger than
the typical carrier thermal energy kBT at room temper-
ature. On the basis of our analysis of carrier localisation
in these structures we predict that (i) these band offsets
should be sufficient to largely mitigate thermal carrier
leakage in QWs designed to minimise nth, and (ii) any
thermal leakage from these structures will be associated
almost entirely with thermionic emission of electrons.
The left- and right-hand panels in Fig. 2(c) respec-
tively show the calculated VB structure and DOS for the
In0.339Ga0.661As0.881Bi0.119 (xx = 0; dashed red lines)
and In0.744Ga0.256As0.947Bi0.053 (xx = −2.0%; solid blue
lines) QWs. In order to compare the band dispersion and
DOS, the zero of energy in each case has been chosen at
the energy of the highest energy hole state hh1 at k‖ = 0.
Comparing the VB stucture in both cases, we note that
the compressive strain in the In0.744Ga0.256As0.947Bi0.053
QW produces significantly reduced in-plane hole effective
masses. Of the five highest energy bound hole states we
calculate that four are HH-like at k‖ = 0 (hh1 – hh4)
between xx = 0 and −2%, with one being primarily LH-
like (lh1). At xx = 0 and −2% we respectively calculate
that the third and fifth highest energy hole state is pri-
marily LH-like at k‖ = 0. As such, we expect there to
be minimal transverse magnetic- (TM-) polarised opti-
cal gain in QWs having compressive strains |xx| & 1%,
so that the majority of injected holes contribute to the
TE-polarised optical mode.
Turning our attention to the VB DOS, we note that
the reduction of the in-plane hole effective masses at
xx = −2% leads to a significant reduction of the DOS
close in energy to the VB edge. This is of primary impor-
tance in optimising the performance of these devices. In-
deed, utilising compressive strain to reduce the VB DOS
ensures that holes occupy states over a smaller (larger)
range of k‖ (energy) than in an equivalent unstrained
QW. This more closely matches the distribution of VB
edge holes to that of CB edge electrons, making more
holes available to contribute to the optical gain. Cor-
respondingly, the reduction in the DOS at the VB edge
pushes the hole quasi-Fermi level downwards in energy
at fixed injection, thereby increasing the separation ∆F
between the electron and hole quasi-Fermi levels at fixed
n2D, and leading to decreased nth and increased
dg
dn . The
calculated strong reduction in the VB edge DOS again
indicates that the growth of compressively strained QWs
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is essential to optimise performance.64,65,68
Figure 3(a) shows the TE-polarised modal gain spectra
Γg for the same xx = 0 and −2% QWs, calculated for
sheet carrier densities n2D = 0.1, 2, 4, 6, 8 and 10× 1012
cm−2. Here, we can clearly see the impact of the reduc-
tion in the VB edge DOS brought about by compressive
strain. Firstly, we consider the transparency (g = 0)
points on the low wavelength (high energy) side of the
gain peak which, at fixed injection, occur when the pho-
ton energy is equal to the quasi-Fermi level separation
∆F (i.e. at wavelength λ = hc∆F ). Comparing the calcu-
lated variation of ∆F with n2D at transparency for the
unstrained (dashed red lines) and xx = −2% (solid blue
lines) QWs, we note that the reduction in the VB edge
DOS is associated with a significant increase in ∆F at
fixed n2D, with the corresponding transparency points
then shifted to shorter wavelengths in the strained QW.
In the unstrained and compressively strained structures
we respectively calculate quasi-Fermi level separations
∆F = 0.353 and 0.397 eV at n2D = 10
12 cm−2 – i.e. a
significant 44 meV increase in ∆F , even at a relatively
low (sub-threshold) injection.
Secondly, as described above, significantly more holes
are available to contribute to the (TE-polarised) opti-
cal gain in the compressively strained QW, leading to
significantly higher modal gain at fixed n2D than in the
unstrained QW. At the highest considered carrier density
n2D = 10
13 cm−2 we calculate a peak TE-polarised modal
gain Γg = 19.8 cm−1 at xx = −2%, which is approxi-
mately 75% larger than the value Γg = 11.3 cm−1 calcu-
lated for the unstrained QW. In the unstrained QW we
note that the calculated peak TM-polarised material gain
1069 cm−1 at threshold is 59% of the peak TE-polarised
material gain, confirming that a significant fraction of
the injected carriers in the unstrained QW are lost to
the TM-polarised optical mode. This issue is mitigated
at xx = −2%, where we calculate that the peak TM-
polarised material gain 39 cm−1 is only 2% of the peak
TE-polarised material gain at threshold.
The calculated variation of the peak TE-polarised
modal gain with n2D is shown in Fig. 3(b), again for
the xx = 0 (dashed red line) and −2% (solid blue line)
QWs. At fixed n2D the reduced VB edge DOS and asso-
ciated increase in ∆F in the compressively strained QW
leads to a significant enhancement of the modal gain.
We note that the differential material gain at threshold
dg
dn is also significantly enhanced in the strained QW, as
expected.64,65
For this series of QWs having fixed λ and t, we calcu-
late that Γ remains effectively constant at 0.53% as the
xx is varied from 0 to −2%. On this basis we compute
a threshold modal gain Γgth = 9.5 cm
−1, denoted by the
horizontal dotted black line in Fig. 3(b). The calculated
threshold characteristics of this set of QWs – nth and
dg
dn
– are shown in Fig. 3(c). We note that dgdn is presented
in three-dimensional units, in order to remove any ex-
plicit dependence on t. Examining the dependence of nth
(closed red circles) on xx we note a rapid reduction with
increasing |xx|, with the calculated value nth = 2.6×1012
cm−2 at |xx| = 2% being approximately one-third of the
value 8.1× 1012 cm−2 calculated for the unstrained QW.
On the basis of the calculated trends in nth we conclude
that there is significant benefit to increasing the compres-
sive strain in the QW up to and beyond |xx| = 1.5%.
While the majority of the calculated reduction in nth
occurs between |xx| = 0 and 1.5%, for higher strains
|xx| & 1.5% there is an additional, albeit smaller, cal-
culated reduction in nth: the calculated threshold carrier
density of 3.1 × 1012 cm−2 at xx = −1.5% is already
10
close to that calculated at xx = −2%.
We note that the calculated values of dgdn increase
strongly with increasing |xx|, from 0.77× 10−16 cm2 at
xx = 0 to 2.41× 10−16 cm2 at |xx| = 2.0%, an increase
by a factor of at least three. We note that (i) the cal-
culated increase in dgdn is approximately linear in |xx|,
and (ii) the calculated dgdn at |xx| = 2.0% – which can be
further enhanced by reducing t, as we will discuss below
– is comparable to the value of 2.76×10−16 cm2 we have
previously calculated for a type-I GaAs0.87Bi0.13/GaAs
QW designed to emit at 1.55 µm.40 This suggests that
the differential gain that can be achieved in an InP-based
mid-infrared dilute bismide QW laser should be approxi-
mately equal to that achievable in a 1.55 µm GaAs-based
dilute bismide device, with the characteristics of the lat-
ter predicted to exceed those of existing devices operat-
ing at λ ≈ 1 µm (due to an improvement in performance
associated with an increase in compressive strain in the
QW).40
Finally, we have computed the radiative current den-
sity at threshold J thrad by integrating over the SE spectrum
calculated at threshold (n2D = nth). We calculate that
J thrad decreases strongly with increasing strain – from 48.8
to 28.7 A cm−2 between |xx| = 0 and 1% – beyond which
there is little further decrease, with J thrad = 24.9 A cm
−2
at |xx| = 2%. Employing the Boltzmann approxima-
tion and writing J thrad = eBn
2
th under the assumption of
net charge neutrality, we have extracted the radiative
recombination coefficient B. We calculate that B in-
creases approximately linearly with increasing |xx|, from
3.25×10−12 cm3 s−1 in the unstrained QW to 1.61×10−11
cm3 s−1 at |xx| = 2%, a close to fivefold increase. The
calculated values of B here are again broadly comparable
to those we have calculated previously for near-infrared
GaAs-based dilute bismide QWs.40
On the basis of this analysis we suggest that signif-
icant improvement in performance can be obtained by
increasing the compressive strain up to |xx| ≈ 1.5%,
with additional enhancement of dgdn achievable at higher|xx|. Overall, we therefore conclude that QWs hav-
ing compressive strains |xx| in the range 1.5 to 2.0%
should be sought to optimise overall performance. Our
analysis then identifies a favourable combination of QW
properties from the perspective of epitaxial growth. Re-
calling from Fig. 1(c) that the Bi composition y re-
quired to maintain fixed λ decreases with increasing |xx|
(cf. Fig. 2(a) for the set of fixed t structures under con-
sideration here), our calculations suggest that to obtain
an optimised laser structure at given λ using QWs of
fixed t entails minimising y. Given the difficulties asso-
ciated with Bi incorporation during epitaxial growth –
in particular the general requirement to reduce growth
temperature, which degrades material quality – the opti-
mised laser structures identified here are those which can
be grown at the highest possible temperature for a given
target λ. These structures can therefore be expected
to also optimise the material quality achievable via es-
tablished epitaxial growth, further enhancing the over-
all device performance. This recommendation to grow
structures which simultaneously maximise |xx| and min-
imise y is likely to be restricted primarily by the intrin-
sic strain-thickness limitations of the InxGa1−xAs1−yBiy
layer(s) in a given structure. However, on the basis of
our estimated strain-thickness limits (cf. Sec. III A), we
do not expect this to impede the growth of such struc-
tures.
Fixed strain, variable thickness
The results of our calculations for λ = 3.5 µm laser
structures having fixed xx and variable t are summarised
in Figs. 4 and 5. Figure 4(a) shows the calculated varia-
tion in x (closed red circles) and y (closed blue squares)
required to maintain λ = 3.5 µm as t is varied from
3 to 10 nm in QWs having fixed compressive strain
xx = −1.5%. At t = 10 nm we calculate that respective
In and Bi compositions x = 65.9% and y = 5.9% are
required to achieve λ = 3.5 µm with xx = −1.5%. As t
is reduced the In (Bi) composition required to maintain
fixed λ and xx decreases (increases), reaching x = 58.7%
(y = 10.4%) at t = 3 nm. In this series of QWs the
changes in x and y are required to compensate for the
changes in confinement energy brought about by changes
in t. As such, the changes in x and y required to main-
tain λ = 3.5 µm for this series of QWs are respectively
significantly less than and approximately equal to those
calculated for the fixed t structures considered above.
For the 10 nm thick QW we calculate a total confine-
ment energy of 54 meV for the e1 and hh1 states, which
increases approximately fourfold to 211 meV for a 3 nm
thick QW. Recalling Fig. 1(c) we note that these QWs,
which have fixed compressive strain xx = −1.5%, have
alloy compositions which lie along a line in the composi-
tion space, running parallel to and equidistant between
the xx = −1.0 and −2.0% lines (dashed blue lines).
The calculated variation of the type-I CB, HH and
LH band offsets for this series of QWs are shown in
Fig. 4(b) using, respectively, closed green circles, blue
squares, and red triangles. In the thickest t = 10 nm
In0.659Ga0.341As0.941Bi0.059 QW we calculate ∆EHH =
272 meV and ∆ELH = 173 meV. As the QW thickness
is reduced we calculate that both ∆EHH and ∆ELH in-
crease, reaching respective values of 367 and 267 meV
in the 3 nm thick In0.587Ga0.413As0.896Bi0.104 QW. We
note however that the difference between the HH and
LH band offsets, which is determined by the axial com-
ponent of the (fixed) strain in the QW layer, remains ap-
proximately constant at 100 meV irrespective of changes
in t. We find that the calculated increase in ∆EHH and
∆EHH with decreasing t is associated primarily with the
increase in y required to maintain λ = 3.5 µm, with the
upward shift in the InxGa1−xAs1−yBiy HH and LH bulk
band edge energies brought about by the increase in y be-
ing sufficient to overcome the downward shift associated
with the accompanying decrease in x. For the CB offset
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we calculate ∆ECB = 170 meV at t = 10 nm, increas-
ing to 231 meV at t = 3 nm, with the downward shift
in the InxGa1−xAs1−yBiy bulk CB edge energy brought
about by the increase in y sufficient to overcome the up-
ward shift associated the accompanying decrease in x.
We therefore conclude that the band offsets in QWs hav-
ing fixed xx are primarily determined by the Bi com-
position y, since the required . 10% changes in the In
composition x required to maintain fixed λ in response to
changes in t are too small to have a substantial impact on
the electronic properties of the InxGa1−xAs host matrix
semiconductor into which Bi is incorporated.
We again quantify the impact of the calculated band
offsets on the expected laser performance by analysing
(i) the localisation of the electron and hole charge den-
sity at nth, (ii) the ionisation energies for bound electron
and hole states, and (iii) the inter-band optical matrix
elements at k‖ = 0 for e1-hh1 transitions. At thresh-
old we calculate that 71.7% (98.5%) of the total electron
(hole) charge density resides within the 10 nm thick QW,
reducing to 30.9% (93.7%) as t decreases to 3 nm, with
the t = 10 and 3 nm QWs having respective threshold
carrier densities nth = 3.8 and 3.0 × 1012 cm−2. The
calculated spill-out of the electron charge density in the
narrow QW clearly indicates that electron confinement is
significantly degraded as t is reduced, despite an overall
increase in ∆ECB. The calculated confinement energy for
an e1 electron increases strongly with decreasing t, from
48 meV at t = 10 nm to 165 meV at t = 3 nm. As such,
despite an overall increase in ∆ECB with decreasing t, the
ionisation energy for an e1 electron decreases strongly in
narrower QWs, being roughly halved from 122 meV at
t = 10 nm to 66 meV at t = 3 nm. Recalling that the
ionisation energies described here, which are calculated
at k‖ = 0, represent the maximum energy required for a
bound electron to escape from the QW, it is clear that
the filling of higher energy states contributes strongly – as
for the unstrained QW considered above – to the thermal
spill-out of the electron carrier density at threshold. As
such, despite that the calculated ionisation energy in the
3 nm thick QW is > 2kBT at room temperature, filling
of higher energy electron states can be expected to con-
tribute significantly to thermal leakage of electrons from
the QW at and above room temperature. This expected
increase in thermal leakage of electrons with decreasing t
is then an important consideration for the design of laser
structures, suggesting that narrow QWs having t . 5
nm be avoided in order to avoid compromising efficiency
and thermal stability. In accordance with this analysis of
the electron confinement, we calculate respective e1-hh1
k‖ = 0 optical transition strengths of 14.59 and 8.98 eV
in the t = 10 and 3 nm QWs, with the ≈ 40% decrease
between t = 10 and 3 nm associated with (i) spill-out of
the e1 envelope function from the narrow QW, as well
as (ii) an increase in the Bi-localised character of the VB
edge hole eigenstates due to the increased strength of the
VBAC interaction accompanying the approximately 4%
increase in y (cf. Fig. 4(a)).
The left- and right-hand panels of Fig. 4(c) respectively
show the calculated VB structure and DOS for the t = 3
nm (solid blue lines) and t = 10 nm (dashed red lines)
QWs. For both QWs we have again chosen the zero of
energy at the energy of the k‖ = 0 hh1 state, to facilitate
direct comparison. For the 3 nm thick QW we calculate
that there are four bound hole states: at k‖ = 0 the two
highest energy states are HH-like (hh1 and hh2), while
the third and fourth are respectively primarily LH- and
HH-like (lh1 and hh3). Of the five highest energy bound
hole states in the 10 nm thick QW, we calculate that
the first four are HH-like at k‖ = 0 (hh1 – hh4), while
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the fifth is primarily LH-like (lh1). We note that the
compressive strain in both QWs leads to low in-plane
hole effective masses close in energy to the QW VB edge,
in line with our above analysis of QWs having fixed t and
variable xx. As t decreases we note an approximately
sixfold increase in the separation in energy between the
two highest energy hole subbands – hh1 and hh2 in the
xx = −1.5% QWs considered here, for all values of t
– from 19 meV at t = 10 nm to 118 meV at t = 3
nm. Turning our attention to the VB DOS in the right-
hand panel of Fig. 4(c) we note that the increase in the
energy separation between hole subbands with decreasing
t leads to a decrease in the DOS in the vicinity of the VB
edge. We note however that this reduction only becomes
pronounced for energies & 50 meV below the QW VB
edge, and is relatively minimal compared to the reduction
calculated above for increasing |xx| in QWs having fixed
t.
We turn our attention now to the optical properties of
this set of QWs, as summarised in Fig. 5. Figure 5(a)
shows the TE-polarised modal gain spectrum for the
t = 3 nm (solid blue lines) and t = 10 nm (dashed
red lines) QWs, calculated for sheet carrier densities
n2D = 0.1, 2, 4, 6, 8 and 10 × 1012 cm−3. Recalling
that (i) g at fixed n2D is inversely proportional to t, and
(ii) Γ tends to increase roughly linearly with t,59,60 we
note that the calculated modal gain Γg is largely insensi-
tive to changes in t in these fixed λ structures. As such,
the differences in the calculated Γg spectra for the QWs
considered here arise primarily due to intrinsic differences
in the electronic rather than structural properties of the
QWs. Indeed, we note that both the t = 3 and 10 nm
QWs have similar gain characteristics at low n2D. At
low n2D only hole states lying close in energy to the QW
VB edge are occupied: the similarity in the VB struc-
ture and DOS of both QWs in the immediate vicinity of
the VB edge (cf. Fig. 4(c)) produces similar modal gain,
with the slightly lower DOS in the narrow QW giving
rise to marginally higher gain. As n2D increases the large
energy separation between the hh1 and hh2 subbands in
the narrow QW leads to occupation of hh1 band states
at large k‖, while in the thick QW holes begin to occupy
hh2 band states close to k‖ = 0. This filling of the avail-
able VB states brings about (i) slightly higher modal gain
at fixed n2D in the narrow QW, due to more hh1 holes
remaining available to recombine with e1 electrons, and
(ii) the emergence of a second peak in the gain spectrum
at higher energy (shorter wavelength) in the thick QW,
which we identify as being related both to e1-hh2 and,
at high n2D, e2-hh2 transitions (occuring respectively for
k‖ between 0.5 and 1.0 nm−1, and close to k‖ = 0).
We see these general trends borne out in the calcu-
lated variation of the peak TE-polarised modal gain with
n2D, shown in Fig. 5(b) using solid blue and dashed red
lines for the 3 and 10 nm thick QWs respectively. We
note on the basis of the discussion above that the cal-
culated threshold modal gain for this series of structures
varies little with changes in t, so that Γgth remains ap-
proximately constant at 9.5 cm−1 as in the fixed t struc-
tures considered above. At low and intermediate n2D the
modal gain in the narrow QW slightly exceeds that of
the thick QW due primarily to the slightly lower DOS
close in energy to the VB edge, with little difference in
dg
dn at threshold. At higher n2D the modal gain in the
thick QW then exceeds that of the narrow QW, due to
contributions from higher energy transitions associated
with filling of hh2 VB states.
Figure 5(c) shows the calculated variation of the
threshold characteristics with t for this series of QWs.
As t is decreased from 10 nm, nth is reduced in line with
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the reduction in the VB DOS (brought about by the in-
creased separation in energy between the hh1 and hh2
subbands). We determine that nth reaches a minimum
value of 2.8 × 1012 cm−2 for a 4 – 5 nm thick QW. As
the QW thickness is reduced further nth again increases,
due to the degradation in electron confinement in a nar-
rower QW. The spill-out of the e1 envelope function at
t = 3 nm leads, as described above, to a sharp decrease
in the e1-hh1 optical transition strength which is suffi-
cient to overcome any additional enhancement in gain
due to a further reduction of the VB edge DOS. The cal-
culated trend for the differential gain is similar: reducing
t initially brings about an increase in dgdn at threshold –
reaching a maximum value ≈ 2.2× 10−16 cm2 for a 4 – 6
nm thick QW – but further decreases in t bring about a
degradation in the threshold characteristics of the device.
Using the SE spectra calculated at threshold we de-
termine that the radiative current density J thrad decreases
with decreasing t, by approximately 40% from 36.1 A
cm−2 at t = 10 nm to 22.5 A cm−2 at t = 3 nm.
This corresponds to a calculated roughly threefold re-
duction in the radiative recombination coefficient, from
B = 1.56 × 10−11 to 4.69 × 10−12 cm3 s−1 as t reduces
from 10 to 3 nm, spanning roughly the same range as for
the variable xx QWs considered above.
On the basis of these calculations we conclude (i) that
compressive strain plays the dominant role in determin-
ing the performance of InxGa1−xAs1−yBiy laser struc-
tures, but (ii) that minor additional improvements in
performance can be brought about by the growth of nar-
row QWs. While QWs having thicknesses 4 nm . t . 6
nm optimise the calculated threshold characteristics, we
note that there is likely to be minimal benefit in practice
to growing narrow QWs. Firstly, our calculations indi-
cate that the large confinement energies associated with
narrower QWs lead to significant spill-out of the electron
charge density at and above room temperature, suggest-
ing that thermal leakage of electrons is likely to limit de-
vice performance. Secondly, narrower QWs will be less
robust against modifications to the electronic properties
associated with QW thickness and composition fluctua-
tions. Finally, narrower QWs require larger Bi composi-
tions y in order to achieve a given emission wavelength
at fixed strain (cf. Fig. 5), presenting further challenges
from the perspective of epitaxial growth.
Overall, our analysis suggests that the optimal path
towards realisation of InxGa1−xAs1−yBiy mid-infrared
lasers is via the growth of structures having compres-
sive strains 1.5% . |xx| . 2.0%, and intermediate QW
thicknesses 5 nm . t . 7 nm. Such structures should be
well placed to manage the trade-offs between alloy com-
position, carrier confinement and low VB edge DOS, in
such a manner as to deliver low threshold carrier densities
nth ≈ 3× 1012 cm−2 per QW, as well as threshold values
of differential material gain dgdn ≈ 2×10−16 cm2 per QW,
which should be roughly equivalent to those achievable
in a 1.55 µm GaAs1−xBi/GaAs QW laser.
C. Dependence of laser performance on emission
wavelength and number of quantum wells
Having elucidated trends in the predicted performance
of 3.5 µm laser structures, we now turn our attention
to the variation of laser properties with λ. We be-
gin by noting that the qualitative trends in the per-
formance identified at λ = 3.5 µm hold generally be-
tween 3 and 5 µm, and so the same general recommen-
dations for QW design should be followed in order to op-
timise the device performance at a given emission wave-
length. On the basis of our calculations above we fo-
cus here on QWs having thickness t = 7 nm and com-
pressive strain xx = −1.5%. To maximise Γ at a given
emission wavelength, it is necessary to carefully choose
the thickness of the In0.53Ga0.47As barriers between the
InxGa1−xAs1−yBiy QW and InP SCH layers of the struc-
ture. At λ = 3.0 µm we calculate that Γ is maximised for
425 nm thick barriers both above and below the QW, and
that this thickness should be increased by 25 nm for ev-
ery subsequent 0.5 µm increase in λ in order to maintain
the maximum possible value of Γ. Despite this optimisa-
tion of the overall structure, we note that Γ nonetheless
decreases strongly with increasing wavelength. For exam-
ple, for t = 7 nm we calculate Γ = 0.63% in a structure
designed to emit at 3 µm, which decreases to 0.37% at
λ = 5 µm. These low values of Γ motivate the use of
multi-QW structures so that Γ can be maximised, and
hence nth per QW reduced, in a given structure.
Our analysis of the dependence of the laser properties
on λ is summarised in Fig. 6, which presents a selection
of our calculated results for QWs having t = 7 nm and
xx = −1.5%. Figure 6(a) presents the variation of the
QW In and Bi compositions x and y – shown using closed
red circles and blue squares, respectively – required to
vary λ between 3 and 5 µm for these fixed thickness,
fixed strain structures. As expected, increasing the emis-
sion wavelength generally requires an increase in y, with
x then needing to be decreased accordingly to maintain
constant xx. We determine that an In (Bi) composition
x = 67.3% (y = 5.0%) is required to achieve emission at
3 µm, which must be decreased (increased) to x = 58.8%
(y = 10.3%) to reach λ = 5 µm.
The variation of the CB, HH and LH band offsets with
λ for these structures is shown in Fig. 6(b) using, respec-
tively, closed green circles, blue squares and red triangles.
We predict that ∆EHH and ∆ELH should increase with
increasing λ, as a consequence of the increase in y, with
their difference remaining approximately constant due to
the fixed compressive strain in the QW (cf. Sec. III B).
We calculate ∆EHH = 251 meV (∆ELH = 152 meV)
at λ = 3 µm, which increases to ∆EHH = 366 meV
(∆ELH = 266 meV) at λ = 5 µm. Similarly, we cal-
culate that ∆ECB increases with increasing λ, from 157
meV at λ = 3 µm to 230 meV at λ = 5 µm. This in-
crease in ∆ECB is again determined by the increase in y,
with the corresponding downward shift of the QW bulk
CB edge energy sufficient to overcome the upward shift
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due to the reduction in x. We note that the correspond-
ing ionisation energies for e1 electrons (hh1 holes) also
increase with increasing λ, from 90 meV (238 meV) at
λ = 3 µm to 141 meV (354 meV) at λ = 5 µm. Based
on these trends, as well as our detailed analysis of carrier
localisation at threshold in Sec. III B, we conclude overall
that carrier leakage at and above room temperature may
be minimised in optimised InxGa1−xAs1−yBiy QWs, and
hence should not limit the overall device performance at
any wavelength & 3 µm.
Figure 6(c) shows the variation of the calculated
threshold characteristics – nth and
dg
dn – with λ for this
same set of QWs. We note an overall tendency here for
the laser performance to degrade with increasing emission
wavelength. The calculated threshold carrier density in-
creases from 2.8× 1012 cm−2 at λ = 3 µm to 4.6× 1012
cm−2 at λ = 5 µm, a significant increase of close to two-
thirds across the 3 – 5 µm range. Likewise, we calculate a
similar decrease in the differential gain at threshold, with
the calculated value of 1.43×1016 cm−2 at λ = 5 µm be-
ing approximately two-thirds of the value 2.14 × 10−16
cm2 calculated at λ = 3 µm. The radiative current den-
sity at threshold J thrad is calculated to increase from 27.4
to 33.1 A cm−2 between λ = 3 and 5 µm. Bearing in
mind the calculated increase in nth over this wavelength
range, we note that this corresponds to an approximately
55% decrease in the radiative recombination coefficient
B, from 1.53×10−11 cm3 s−1 at λ = 3 µm to 6.83×10−12
cm3 s−1 at λ = 5 µm.
Since Bi incorporation primarily impacts the VB struc-
ture, leaving the CB structure relatively unperturbed,
our analysis of the QW electronic properties suggests that
trends in the CHCC Auger recombination rates should
largely follow those observed in established devices op-
erating in the same wavelength range. While a detailed
investigation of the Auger recombination rates is beyond
the scope of the present analysis, it is to be expected
that CHCC Auger recombination – the rate of which in-
creases strongly with increasing λ – will be the dominant
loss mechanism in the laser structures proposed here.63
On the basis that our analysis has identified single QW
structures which minimise nth, and since the Auger con-
tribution to the threshold current density is ∝ n3th (in
the Boltzmann approximation, where J thAuger = eCn
3
th),
we note that such optimised structures should also have
minimised CHCC Auger losses. Specifically, structures
designed to minimise nth can be expected to maximise
the ratio r =
J thrad
J thAuger
∼ Bn2th
Cn3th
of the radiative and Auger con-
tributions to the threshold current density thereby max-
imising the internal quantum efficiency ηi =
J thrad
Jth
≈ rr+1
(where the approximation assumes minimal contribu-
tions to Jth from monomolecular defect-related recom-
bination and from carrier leakage, Jth ≈ J thrad + J thAuger).60
However, in light of (i) the aforementioned minor cal-
culated increase in J thrad between λ = 3 and 5 µm, and
(ii) the expected strong increase in J thAuger with increas-
ing λ, it is to be expected that losses associated primarily
with Auger recombination will act to reduce r, and hence
ηi, with increasing λ. This degradation in performance
can be partially mitigated by minimising nth per QW,
thereby maximising r, suggesting that it may be benefi-
cial in practice to utilise multi-QW structures to optimise
performance.
In order to quantify the potential to further optimise
overall performance by growing multiple QW structures,
we have calculated the dependence of nth and
dg
dn on the
number of QWs NQW for this series of structures having
t = 7 nm and xx = −1.5%, and λ = 3 – 5 µm. At λ = 3
µm we calculate a significant reduction in nth per QW
as NQW is increased from 1 to 3, from 2.8 × 1012 cm−2
in a single QW structure to 1.2 × 1012 cm−2 in a struc-
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ture containing 3 QWs. Further increasing NQW results
in only minor additional reductions in nth per QW, with
the value of 1.1 × 1012 cm−2 calculated for a structure
having NQW = 6 representing the lower limit of the cal-
culated trend. Our analysis therefore suggests that nth
per QW can be well optimised at λ = 3 µm by growing
structures containing 3 QWs. Further analysis reveals
that this trend holds generally throughout the 3 – 5 µm
range. On the basis that minimising nth per QW can also
be expected to maximise the ratio r of the contributions
to the threshold current density associated with radia-
tive and Auger recombination – thereby maximising the
internal quantum efficiency ηi – we conclude that there
is significant scope to minimise the overall threshold cur-
rent density via the growth of multiple QW structures.
Turning our attention to the differential gain at thresh-
old, we calculate that dgdn per QW increases significantly
with increasing NQW. At λ = 3 µm we calculate
dg
dn =
5.10 × 10−16 cm2 per QW for NQW = 3, a greater than
twofold increase over the value 2.14 × 10−16 cm2 calcu-
lated for a single QW structure. Contrary to the calcu-
lated trends in nth per QW, we find further increases in
dg
dn per QW for NQW > 3 which, although sustained, be-
come increasingly sublinear with increasing NQW. There-
fore, while the growth of triple QW structures can be ex-
pected to minimise the threshold carrier density, in prac-
tice it is likely to be beneficial to grow a small number
of additional QWs in order to maximise the overall dif-
ferential gain. Recalling from Sec. III B that optimised
structures are those having relatively large compressive
strains 1.5% . |xx| . 2.0%, the growth of multiple QW
structures is likely to be limited in practice by structural
degradation associated with accumulation of elastic en-
ergy (which will increase with increasing NQW). As such,
we recommend that optimised structures are those hav-
ing 3 . NQW . 5.
On the basis of our analysis we conclude that opti-
mised laser structures are those having (i) compressive
strains 1.5% . |xx| . 2.0%, (ii) QW thicknesses 5 nm
. t . 7 nm, and (iii) containing between 3 and 5 QWs.
Such structures can be expected to simultaneously min-
imise nth and maximise
dg
dn , while ensuring high structural
quality. We recall that all of the laser structures consid-
ered here have ∆SO > Eg in the InxGa1−xAs1−yBiy QW
layers. As such, we expect that IVBA and CHSH Auger
recombination processes involving the SO VB to be re-
duced. Reduction of losses related to these processes is
established in GaSb-based structures operating at wave-
lengths & 2.1 µm, due to the larger values of ∆SO in
Sb-containing alloys.69,70 The dilute bismide structures
identified here promise to bring these benefits to Sb-free,
InP-based diode lasers for the first time. Furthermore,
given the large type-I band offsets and electron and hole
ionisation energies in these QWs, both of which tend to
increase with increasing λ, we expect that thermal car-
rier leakage will be minimised in these devices. Given
the importance of Auger recombination and thermal car-
rier leakage in limiting the performance of existing mid-
infrared diode lasers, we therefore conclude that the InP-
based InxGa1−xAs1−yBiy structures investigated here of-
fer distinct potential to deliver performance exceeding
that of existing devices, and that this can be achieved
in a wavelength range beyond that currently accessible
using existing InP-based structures.
IV. CONCLUSIONS
We have presented a theoretical analysis and optimi-
sation of the properties and performance of mid-infrared
semiconductor lasers based on the dilute bismide alloy
InxGa1−xAs1−yBiy. Our calculations demonstrate that
compressively strained InxGa1−xAs1−yBiy QWs consti-
tute a promising approach to realising antimony-free
laser diodes operating in the 3 – 5 µm wavelength range.
In particular, the ability to readily engineer the band
structure to achieve favourable characteristics in QWs
designed to emit between 3 and 5 µm and which can
be grown on conventional (001) InP substrates promises
to overcome several limitations associated with exist-
ing diode lasers operating in this challenging wavelength
range. By considering SCH QW laser structures in-
corporating unstrained In0.53Ga0.47As barriers and InP
cladding layers we demonstrated that it should be possi-
ble to achieve emission across the entire 3 – 5 µm range.
Based on a theoretical model which we have previ-
ously used to quantitatively predict the optical gain in
GaAs-based dilute bismide QW lasers, we have under-
taken a comprehensive investigation of the electronic and
optical properties of InxGa1−xAs1−yBiy laser structures
designed to emit between 3 and 5 µm. The ability to
independently select the strain and band gap (emission
wavelength) in these quaternary QWs provides broad
scope to engineer the band structure, enabling to achieve
QWs with (i) large type-I band offsets, (ii) VB spin-orbit
splitting energy in excess of the band gap, and (iii) low
DOS in the vicinity of the VB edge. These properties
allow for the development of lasers which, respectively,
(i) suffer from minimal thermal leakage of carriers, (ii)
are expected to exhibit reduced losses associated with
IVBA and CHSH Auger recombination processes involv-
ing the SO VB, and (iii) possess low carrier threshold
densities and high differential gain, which are compara-
ble to those calculated previously for GaAs-based dilute
bismide QW lasers designed to emit at 1.55 µm. On this
basis, and based on (i) the fact that Bi incorporation
strongly impacts the VB structure while leaving the CB
relatively unperturbed, as well as (ii) the known depen-
dence of Auger recombination processes on λ, it is possi-
ble that hot-electron producing CHCC Auger recombina-
tion could play an important role as an efficiency-limiting
mechanism in InxGa1−xAs1−yBiy laser structures. Fur-
ther investigations are required to identify and quantify
the intrinsic loss mechanisms in these structures.
To design laser structures having optimal performance
we carried out a systematic analysis in order to quan-
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tify the key trends determining the device properties,
and their interplay, as functions of the QW alloy com-
position, structural properties, and emission wavelength.
By considering structures having fixed QW thickness and
variable strain, and structures having fixed strain and
variable QW thickness, we identified that the calculated
performance of a given InxGa1−xAs1−yBiy laser struc-
ture is primarily influenced by the compressive strain
in the QW. This favours the growth of QWs which, at
fixed emission wavelength, tend to have relatively higher
In and lower Bi compositions. Our calculations suggest
that optimum performance can be achieved using mul-
tiple QW structures containing between 3 and 5 QWs,
with the individual QWs having compressive strains be-
tween 1.5 and 2%, QW thicknesses between 5 and 7 nm.
Through our analysis we have determined the precise al-
loy compositions required to achieve emission between
3 and 5 µm subject to these conditions, thereby specify-
ing candidate prototypical structures for epitaxial growth
and experimental investigation.
The simple laser structures considered here are read-
ily compatible with established growth of bulk-like
InxGa1−xAs1−yBiy epitaxial layers. Indeed, we expect
that building upon established growth to develop QWs
and laser structures in the manner suggested by our anal-
ysis offers a straightforward route to an initial practi-
cal demonstration of mid-infrared lasing in this emerging
material system. The primary challenge offered by the
laser structures proposed here from the perspective of
epitaxial growth is the simultaneous requirement for in-
corporation of relatively large In and Bi compositions,
55% . x . 70% and 5% . y . 10%. However, given
recent rapid developments in the establishment and re-
finement of the growth of dilute bismide alloys and het-
erostructures by a number of groups, we expect that this
challenge can be overcome. Overall, we conclude that
InxGa1−xAs1−yBiy alloys have significant potential for
the development of Sb-free mid-infrared semiconductor
diode lasers grown on conventional InP substrates, pro-
viding a new candidate class of heterostructures to over-
come a number of the limitations associated with existing
devices in the particularly challenging 3 – 4 µm spectral
range.
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